This paper provides a general description of main issues related to the design of an optical measurement system applied to continuous displacement monitoring of long-span suspension bridges. The proposed system's architecture is presented and its main components -camera and active targets -are described in terms of geometrical and radiometric characteristics required for long distance measurement of the tridimensional displacement of the stiffness girder in the middle section of the bridge's central span. The intrinsic and extrinsic camera parameterization processes, which support the adopted measurement approach, are explained in a specific section. Since the designed measurement system is intended to perform continuous displacement monitoring in long distance observation framework, particular attention is given to environmental effects, namely, refraction, turbulence and sensor saturation phenomena, which can influence the displacement measurement accuracy. Finally, a measurement uncertainty method is discussed in order to provide a suitable solution for the determination of the accuracy related to the proposed measurement approach.
INTRODUCTION
Bridges are key elements in transport networks, improving the mobility of persons and goods in a certain region or country and consequently contributing for society progress and development. In the broad scope of large-scale civil engineering structures management, bridge operational safety is considered a major concern, specially for transport infrastructure management entities responsible for maintenance and early damage detection through inspection and monitoring activities.
Structural monitoring of long-span suspension bridges comprises the observation of several physical quantities. In those, the measurement of the tridimensional displacement of the stiffness girder in the middle section of the central span is a challenge considering that conventional instrumentation (e.g., displacement transducers, geodesic observation and hydrostatic leveling) is not usually suitable.
In recent years, several solutions -global navigation satellite systems [1] and microwave interferometric systems [2] have been proposed in order to support dimensional monitoring of long-span suspension bridges. However, such measurement systems are still partially limited in terms of measurement accuracy, since most of the long-span suspension bridges are composed of metallic elements that create multi-path effects (i.e., non-desired multiple signal reflections in the structure).
In order to comply with higher measurement accuracy requirements, efforts have been made towards the development of alternative solutions such as those based on the use of optical systems composed of cameras and targets [3] [4] [5] [6] . This optical approach gathers the main advantages of the above mentioned measurement systems -day and night operation, non-contact and long distance measurement, real-time monitoring and high measurement range -and its accuracy is not considerably affected by multi-path effects. The main limitations pointed out may be associated to atmospheric phenomena due to heavy fog or rain in the optical propagation path.
In this paper, an innovative optical approach is presented which differs from the optical systems previously mentioned in terms of its architecture, composition, mathematical modeling and metrological characterization, aiming to obtain tridimensional displacement in the middle section of the suspension bridge central span more accurately. The modern technological development allows the use of common off-the-shelf digital cameras equipped with CCD sensors and long focal length lenses, active targets composed of LEDs and computer image processing. This paper describes, mainly, the design stage of the optical measurement system development, although experimental results are expected to be obtain soon.
In the following sections, the architecture of the designed optical system is presented and its main components are described in terms of required geometrical and radiometric characteristics. The adopted optical measurement approach, based on the use of collinearity equations from the perspective camera model, is explained in detail, namely, the experimental process related to the camera intrinsic parameterization, which is far from trivial for lenses with long focal lengths. In addition, this paper also discusses the influence of environmental effects on long distance dimensional optical measurement, including issues related to the refraction, turbulence and sensor saturation phenomena. The final section addresses the measurement uncertainty methodology required for accuracy quantification.
OPTICAL MEASUREMENT SYSTEM
The design of the optical system is driven by the need to minimize the observation distance between cameras and targets and, since the main displacement measurement of interest is located in the middle section of the stiffness girder (see Figure 1 ), this implies positioning cameras and targets on the central span or near the tower's foundations, reducing the impact of atmospheric phenomena and increasing the system's sensitivity. Following a conventional photogrammetric approach, cameras placed on a tower foundation should observe not only the monitoring targets placed in the middle of the stiffness girder central span but also reference targets whose coordinates in a world referential are accurately known. However, the significant dynamic behavior of suspension bridge structural elements implies placing reference targets on static regions, namely, in the tower's foundation or anchorages opposite to the cameras. In large structures such as suspension bridges, this situation leads to observation distances ranging from 500 meters up to 1500 meters, implying the use of reduced focal length lenses in order to obtain a wide field of view capable of observing both types of targets. However, this type of lenses compromises the system's sensitivity, mainly, in the longitudinal direction, where the displacement component is estimated to have a low magnitude (around 200 mm), while in the remaining components it can reach much higher magnitudes (above one meter), namely, in the vertical direction.
In order to overcome this sensitivity limitation, the authors propose an optical measurement approach in which an off-the-shelf industrial digital camera is installed in the central section of the stiffness girder, orientated towards one of the tower's foundation where reference targets can be installed. The main advantages of this approach are: (i) since a wide field of view is not required, it allows the use of long focal lenses and, consequently, higher sensitivity to the bridge's displacement, namely, in the longitudinal direction; (ii) the installation of reference targets in the tower's foundation assures the definition of a world coordinate system in a static region, where the position and orientation of each target is well known; (iii) the number of unknown variables in the measurement model is reduced because the camera's position is considered representative of the bridge's tridimensional displacement in the installation section and only one camera is necessary for dimensional measurement.
However, three main concerns arise from the use of this optical measurement approach. The first one regards the mechanical connection between the camera and the stiffness girder, requiring particular care in order to avoid the transmission of high vibration frequencies that could compromise the displacement measurement accuracy. The use of vibration isolator materials (rubber, for example) is recommended. The second one relates to the camera's intrinsic parameters that must also be regularly tested and their long-term stability evaluated in order to detect internal vibration damages. It is advisable to use a camera which as been subject to environmental vibration tests, as prescribed by ISO 9022-22:2012 [7] . Finally, the third issue relates to intrinsic parameterization which it is not a trivial issue for cameras with long focal length lenses, as it will be discussed in section 3.
Experimental validation of the proposed measurement approach is underway in a Portuguese suspension bridge -the 25 th of April Bridge, in Lisbon -making use of a off-the-shelf industrial digital camera, composed of a 600 mm long focal length lens and CCD sensor with 1920 by 1080 square pixels of 7,4 µm side length. In this monitoring scenario, the camera/targets observation distance is close to 500 meters, allowing this optical measurement system to have a displacement sensitivity of 2 mm in the vertical or transverse direction and 10 mm in the longitudinal direction, considering a ¼ pixel accuracy in the digital processing of the target's image.
This optical system is intended to acquire digital images of reference active targets placed in the tower's foundation, allowing light intensity adjustment according to monitoring variable environmental conditions. The use of an infrared light emitting source is recommended due to an acceptable transmission window in electromagnetic propagation of light through the atmosphere. In the designed optical measurement system each active target is composed of 16 near infrared LEDs (875 nm wavelength) organized in a circular geometrical pattern. The digital camera used has a spectral sensitivity suitable in the visible and near infrared electromagnetic region. However, in order to remove visible environmental radiation, the use of a transmission optical filter is advisable, improving the quality of the target's digital image. The adopted measurement approach, described in the following section, requires the use of four active targets in order to determine the bridge's three-dimensional displacement.
OPTICAL MEASUREMENT APPROACH
The measurement approach is based on the perspective camera model from which the collinearity equations can be obtained, expressing the mathematical relation between image and world coordinates. These equations assume that an image point and its corresponding world point lie on the same straight line, being formulate as According to Brown's model [8] , the mentioned departures from collinearity can be divided in two categories: radial distortion and decentering or tangential distortion. The pincushion or barrel image deformation effect caused by radial distortion is modeled by the following expression
where the i K terms correspond to radial distortion coefficients and ' r is the radial distance from the principal point given by
On the other hand, the decentering or tangential distortion is originated by the misalignment of lens components along the optical axis and it is usually compensated through the following expressions
where 1 P and 2 P are the decentering or tangential distortion parameters.
The implementation of the measurement approach requires the accurate knowledge of the intrinsic camera parameters (focal length, principal point coordinates and distortion parameters), in order to provide a three-dimensional displacement estimate. Intrinsic parameterization procedures for reduced focal length cameras are well known in the close-range photogrammetry and computer vision scientific communities. However, these parameterization methods reveal to have numerical stability problems when applied to long focal length cameras [9] , such as the one used in the proposed optical measurement approach. Research efforts have been made to overcome this problem and three main methods [10] have recently been proposed: (i) the test-field method; (ii) the goniometric method; (iii) the Diffractive Optical Element (DOE) method.
The test-field method, usually considered as an extension of the conventional parameterization methods, is used for reduced focal length cameras and for a larger scale, promoting the acquisition of several images of a well known geometric pattern under different viewing angles. The goniometric method generates a light source at infinity through the use of a collimator which is seen by the camera installed on a rotation table, being the unknown intrinsic parameters obtained from the relationship between the camera's spatial orientation, measured by a goniometer, and the image coordinates of the light spot in the camera's sensor. The DOE method makes use of a collimated laser beam that passes through a DOE, generating a well known diffraction pattern in the focal plane of the camera. The accurate knowledge of the laser beam wavelength and the DOE spatial period or frequency is used to obtain reference position of diffraction spots in the camera and only one image is required for the complete intrinsic parameterization [11] .
Metrological studies related to intrinsic parameterization of 600 mm focal length cameras, such as the one used in this study, were not found. An experimental setup is been prepared in order to implement the DOE method for the studied case, since the other two methods demand more complex laboratorial installations, namely, the test-field method which requires long distance observation (above 100 meters) and large geometrical patterns (dimensions can easily reach several meters), and the goniometric method which requires high accuracy angular measurement and alignment. From the uncertainty point of view, the measurement accuracy related to the intrinsic parameters obtained by the DOE method should be low because of the control of laboratorial environmental conditions and of input reference values traceability, namely, the laser wavelength and the DOE spatial period.
The evaluation of the extrinsic parameters, namely, the camera's orientation and position (which is representative of the bridge's position in the proposed measurement approach), is supported by the collinearity equations (1) and (2) which are non-linear mathematical models with six unknown variables. In order to obtain a redundant stable solution, the observation of, at least, four active targets is recommended. The accurate knowledge of the target's coordinates in the world coordinate system (established by four targets installed in the tower's foundation) and the corresponding image coordinates (obtained from digital image processing) allows to define two collinearity equations per observed target thus providing a set of eight collinearity equations that can be used to compose a non-linear equation system. The system's solution is obtained applying an iterative least squares procedure to the collinearity equations set after their linearization by a first order Taylor's expansion and by using approximate initial values for the unknown variables. The successive corrections to the initial or previous values for the unknown variables are expected to converge to a final solution.
ENVIRONMENTAL EFFECTS
The use of an optical system for long distance displacement measurement in a bridge monitoring scenario, usually near a river or sea coast, implies studying environmental effects that can influence the system's accuracy. Since the measurement principle relies on the atmospheric propagation of light from active targets to the camera's CCD sensor, the dimensional measurement can be affected by the refraction and turbulence phenomena. In addition, the studied measurement system is intended to be used for continuous displacement monitoring, thus requiring that the influence due to the variable environmental conditions related to solar exposure (night, day, sunrise or twilight observations, cloud coverage and shadow effects) must be considered, namely, in the saturation level of the digital images to be obtained.
The refraction phenomenon arises from changes in the refractive index of the optical propagation medium due to the variations of air temperature, atmospheric pressure and relative humidity along the light beam path. Significant environmental changes of quantities such as air temperature can be forecast in the vertical direction, as the height difference between the camera position (installed in the stiffness girder) and the targets position (placed in the tower's foundation) is generally higher than 50 m. The establishment of a positive or negative vertical thermal gradient creates the conditions to a non-linear path of the light beams from the target to the camera, as represented in Figure 2 . From the camera's perspective, this phenomenon creates a misleading angular rotation between the real position of the observed targets and their apparent observed position. Therefore, the knowledge of this refraction angle is relevant since it produces systematic deviations in the bridge's vertical displacement observation. The digital camera sensitivity to this problem can be evaluated by its instantaneous field of view (IFOV), being defined by its pixel dimension and lens focal length. In the designed measurement system, the camera's IFOV is estimated to be about 15 µrad, so any vertical refraction angle above this value will produce a systematic deviation.
Experimental work is being carried out in the 25 th of April Bridge in Lisbon, in order to obtain environmental data of air temperature, relative humidity, atmospheric pressure and wind speed near the camera and targets installation positions. Two methods for the determination of vertical refraction angle are being studied. The first one, applied in geodesic surveying [12] , uses thermal, humidity and pressure vertical gradients in order to evaluate the refraction angle. The second method [13] establishes a linear vertical evolution of the refraction index and provides an analytical solution for the refraction angle. Results from both approaches are expected to provide estimates for the vertical refraction angle in different environmental conditions, allowing an accurate evaluation of its impact on the vertical displacement measurement.
+ + --
Taking into account the described measurement approach (section 2), the major concern about turbulence arises in the tower's foundation, where the reference targets are expected to be installed. Incident solar radiation, especially in the summer season, is responsible for higher temperature increase of the foundation surface and consequently in the air layers close to the surface. In this case, ascendant air streams are created due to a reduction of air density (the temperature increase reflects in higher air pressure and volume). Meanwhile, upper cold air layers start to descent and getting close to heated surface. This warm and cold air stream movement generates the local turbulence phenomenon which causes an apparent atmospheric vibration. Another source of air turbulence relates to the wind, originated by horizontal atmospheric pressure gradients which can also create a turbulence effect by mixing different air layers. This type of turbulence causes a low frequency vibration of air, generally not detect by human vision [12] .
In order to evaluate the turbulence effect on the acquired target images, in situ experimental tests are recommended. Due to the usual geometric configuration of a suspension bridge, it is possible to perform "beam wandering" tests in which a punctual light source (a LED, for example) is installed in the tower's foundation orientated towards a digital camera installed in the bridge's anchorage, as represented in Figure 3 . The established line of sight (tower foundation/anchorage) is symmetrical to the measurement line of sight (tower foundation/middle section of the central span), assuring similar light trajectories through the air. The main difference relies in the camera's position which is placed in a static region instead of the dynamic stiffness girder. By setting a high exposure time, the digital camera can acquire several images (using the same acquisition frequency used in the measurement) of the punctual light source (a LED, for example) in the tower's foundation, being able to detect any movement resulting from turbulence effects. If performed during different seasons and time of day, a relation between turbulence effects and environmental conditions can be defined and the corresponding measurement uncertainty contribution assessed.
The same test configuration can be used for optimization of the appropriated time exposure according to observed environmental conditions, since several targets images can be acquired for variable camera exposure times. The adopted target and camera static positioning allows evaluating, in the absence of significant camera movement, the image quality in terms of sensor saturation and its impact on target identification and center determination in variable environmental scenarios.
MEASUREMENT UNCERTAINTY METHODOLOGY
The evaluation of the measurement uncertainty related to the designed optical system measurements should be the final step to provide a robust and reliable evaluation of its accuracy supported on the evaluation of the several contributions obtained from the main uncertainty sources. The analysis of that information will also give valuable knowledge regarding which efforts should be made in order to improve its measurement capability. Such evaluation is also required to promote proper comparisons with any other measurement solution used to continuous displacement monitoring of long-span suspension bridges, namely, global navigation satellite systems, microwave interferometric systems or even other types of optical systems.
In the recent years, several approaches have been studied by the international metrological community in order to provide suitable solutions for measurement uncertainty evaluation. A first step was given with the publication of the ISO-GUM guide [14] in 1993 in which, following a functional approach, the measurement uncertainties related to input quantities are propagated to an output quantity by applying a 1 st order Taylor's series approximation to linear or reduced non-linear measurement models. In 2008, the publication of GUM Supplement 1 [15] extended the previous functional approach to strongly non-linear measurement models, by recommending the use of numeric tools related to the Monte Carlo and Bayesian methods for uncertainty calculation. Recently, the GUM Supplement 2 [16] was introduced in order to suit real or complex multivariate measurement models with any number of output quantities. In such cases, the correlation effect between output quantities can not be neglected as they are often obtained from common input quantities. To develop a measurement uncertainty procedure to the measurement approach previously described in section 2, a functional diagram (Figure 4 ) must be build. In the developed diagram two uncertainty propagation stages are found: (i) the intrinsic parameterization stage, where input uncertainties related to laser wavelength, DOE period and sensor coordinates of diffraction spots are transmitted to output quantities -camera intrinsic parameters -such as focal length, principal point coordinates and distortion parameters; (ii) the measurement stage, which corresponds to the extrinsic parameters -camera's position and orientation -from which the tridimensional bridge displacement is obtained. Both stages are related to multivariate measurement models with several output quantities, therefore requiring the use of the GUM Supplement 2 for measurement uncertainty evaluation.
The environmental studies mentioned on section 4, should provide the additional information regarding uncertainty contributions related to any applicable refraction or turbulence corrections that must be accounted for in the final measurement uncertainty budget.
FINAL CONSIDERATIONS
The previous sections described an optical solution for the continuous displacement measurement problem in the long-span suspension bridge monitoring context, in order to overcome the known limitations of other measurement systems (global navigation satellite systems and microwave interferometric systems). In comparison with other optical approaches, the measurement system proposed is an innovative solution in terms of its architecture and simple design, focused on achieving higher displacement sensitivity by using long focal length lens.
The presented optical measurement approach, supported in the perspective camera model, makes use of recently developed intrinsic parameterization method by diffractive optical elements (DOE), which is expected to be suitable to long focal length lens and to produce stable and accurate results, thus being a significant contribution for the final measurement accuracy of the designed optical system together with an adequate camera connection to the bridge's stiffness girder. This paper also points out experimental procedures to evaluate the impact of environmental effects on the optical system's measurement accuracy due to refraction, turbulence and sensor saturation phenomena. Experimental work is being carried out in a Portuguese suspension bridge and results are expected to be obtained soon.
The current metrological framework regarding measurement uncertainty determination was analyzed and the GUM Supplement 2 is able to provide tools to achieve a robust accuracy analysis of the designed optical system, considering that it is based on a complex mathematical model with multivariate output.
Although still in a design stage, the described optical system is intended to be short time developed and implemented in real monitoring scenario. Validation tests will be performed in situ using a calibration setup traceable to SI.
